Abstract. MicroRNAs (miRNAs) are implicated in the pathogenesis of obesity. The aim of the present study was to characterize the miRNA profile associated with early childhood obesity in peripheral blood mononuclear cells (PBMCs). A total of 12 children (6 obese and 6 lean controls) aged 36 months old to 48 months old were recruited. The miRNA expression profile from PBMCs was detected using the multiplexed NanoString nCounter system. Bioinformatics was employed to detect target genes and miRNA-regulated biological function. A total of 9 differentially expressed miRNAs were identified in obese children compared with lean children (P<0.05). Among the 9 miRNAs, miR-199a-3p/miR-199b-3p and miR-4454 presented at least a 1.5-fold change in expression. A total of 643 potential target genes were regulated by the three miRNAs, and 291 of the potential genes were involved in a protein interaction network. Gene ontology annotation indicated that 291 potential genes were enriched in 14 biological process annotations and 2 molecular function annotations. miRNA dysregulation may be involved in early childhood obesity.
Introduction
Obesity is a major public health problem worldwide. Childhood obesity increases the risk of obesity in adulthood, which is associated with the development of obesity-related disorders, such as hypertension, hyperlipidemia, insulin resistance and diabetes mellitus.
MicroRNAs (miRNAs) are highly conserved non-coding RNA molecules of ~22 nucleotides that exert post-transcriptional effects on gene expression. These RNA molecules generally bind to a target sequence localized in the 3'-untranslated region of their target messenger RNAs and regulate protein translation or mRNA stability (1, 2) . miRNAs are involved in highly regulated processes, such as proliferation, differentiation, apoptosis and metabolic processes. Dysregulation of miRNA expression is closely associated with many diseases, including obesity (3) (4) (5) (6) . However, only a few studies, such as that of Hulsmans et al (7) have focused on the relationship between obesity and miRNAs in peripheral blood mononuclear cells (PBMCs) (7) .
Early childhood provides an excellent opportunity to investigate the occurrence and development of obesity without confounding lifestyle habits (e.g., smoking) and co-existing inflammatory conditions (e.g., cardiovascular disease and arthritis) (8) . In the present study, the authors characterized the miRNA profile in PBMCs of obese children aged 36 months old to 48 months old using a multiplexed NanoString nCounter system. NanoString nCounter is more sensitive than microarray, and has similar sensitivity to quantitative polymerase chain reaction (qPCR) (9) . Thus, this approach is used to profile miRNAs in PBMCs associated with early childhood obesity.
Materials and methods
Study population. Subjects were recruited from the children (aged 36 months old to 48 months old) who participated in a physical examination for kindergarten enrollment (10). Children with underlying hormone deficiencies, genetic disorders, inflammatory conditions, or occurrences of recent acute infections were excluded. A total of 6 obese children [body mass index (BMI) >18. 5 NanoString nCounter miRNA assay for miRNA profiling. The multiplexed NanoString nCounter miRNA expression assay (Human miRNA Assay 2.0 kit) was employed for profiling 800 human miRNAs (NanoString Technologies, Inc., Seattle, WA, USA). The assay was performed according to manufacturer's protocol. In brief, the NanoString nCounter platform involved mixing total RNA with pairs of capture and reporter probes tailored to each miRNA, hybridizing, washing away excess probes, immobilizing probe-bound miRNAs on a surface, and scanning color-coded bar tags on the reporter probes. Total RNA (100 ng) was used as input material, with 3 µl total volume for each sample. All hybridization reactions were incubated at 65˚C for 18 h, and a max-density scan (555 fields of view) was selected.
Preprocessing of miRNA panel codeset. The nCounter assay for each sample consisted of six positive controls, eight negative controls, five control mRNAs (ACTB, B2M, GAPDH, RPL19 and RPLP0) and 800 miRNAs. Each sample was normalized according to the geometric mean of the top 100 most highly expressed miRNAs. The mean plus twice the standard deviation of the eight negative controls for each sample was subtracted from each miRNA count in that sample. Only miRNAs with non-negative counts across all samples were retained for downstream analysis.
Bioinformatics methods to target gene prediction. The target gene sets for miRNAs (i.e., miR-199a-3p, miR-199b-3p and miR-4454) were determined using TarBase v7.0 (http://www.microrna.gr/tarbase). TarBase v7.0 provides hundreds of thousands of high-quality manually curated experimentally validated miRNA: Gene interactions enhanced with detailed metadata (12) . The protein-protein interaction (PPI) network was constructed for the target genes using information provided by the Search Tool for the Retrieval of Interacting Genes (STRING; string-db.org) (13) and was subsequently visualized with Cytoscape 3.2.1 (14) . Interactions with the highest confidence (score ≥0.9) were retained in the network. Proteins in the network served as the 'nodes,' and each pairwise protein interaction (referred to as an 'edge') was presented as an undirected link. Gene degrees were calculated and genes with >10 degrees in the PPI network were considered hub genes. The Database for Annotation, Visualization and Integration Discovery (DAVID; david.abcc.ncifcrf. gov) (15) was applied to perform gene ontology (GO) enrichment analyses for the predicted miRNA target genes. P<0.05 and false discovery rate <0.05 were selected as the threshold. The miRNA-GO network is built according to the relationship of miRNAs and significant GOs. In the miRNA-GO network, a circle represents a GO term and a red square represents miRNA, and their relationship is represented by one edge.
The center of the network is represented by degree. Degree of miRNA means the number of links one miRNA regulates GOs.
Statistical analysis. All variables were expressed as mean and standard deviation. Student's t-test was applied to compare the basic characteristics (i.e., age and BMI) and identify differentially expressed miRNAs between groups (i.e., obese vs. lean). The miRNA code counts were log2-transformed prior to Student's t-test. Microsoft Excel 10.0 (Microsoft Corporation, Redmond, WA, USA) was employed for all statistical analyses, and P<0.05 was used to indicate a statistically significant difference. The data process for the NanoString nCounter was performed using nSolver 2.0 (NanoString Technologies, Inc.).
Results
Basic characteristics of the studied children. Table I lists the basic characteristics of the recruited children. Statistically significant differences were not observed between the two groups (i.e., obese vs. lean) in terms of age and gender, whereas the difference in BMI was significant as expected (P<0.001).
Differentially expressed miRNAs in the NanoString nCounter assay. A total of 155 of the 800 miRNAs profiled using the NanoString nCounter assay were detected above background across all samples. miRNAs >100 code counts were retained for downstream analysis. The dataset (i.e., 76 miRNAs for 12 samples) was retained and underwent log2 transformation prior to statistical analysis (Fig. 1) . A total of nine differentially expressed miRNAs were identified in obese children relative to lean children (P<0.05; Table I and Fig. 2 ). Among these miRNAs, miR-199a-3p/miR-199b-3p and miR-4454 had at least a 1.5-fold change in expression ( Fig. 2A) .
Protein interaction network prediction and GO analysis.
The authors restricted the protein interaction network and GO analyses to the genes that were predicted as targets of the three miRNAs (i.e., miR-199a-3p, -199b-3p, and -4454). A total of 643 target genes potentially regulated by the three miRNAs were searched from the TarBase database. From this data set, a PPI network that contains 291 genes was constructed using the STRING platform following excluding the isolated nodes (Fig. 3) . The degree was then calculated for each node in the network to screen for hub genes, which are generally considered to serve a critical role in disease development. A total of 14 hub genes with a degree >10 were identified and filled with red in the PPI network (Table II and Fig. 3 ). To gain a high-level view of gene functions that may be affected by the altered miRNA expression in obesity, the 291 genes were mapped to the GO categories. A total of 14 annotations within the biological process and 2 annotations within the molecular function were enriched (Table III) . To identify which miRNAs serve a critical role in biological process or molecular function, miRNA-GO network was analyzed by bioinformatics analysis. As demonstrated in Fig. 4 , hsa-miR-199a-3p had the highest degree, thereby indicating that the miRNA was involved in more biological functions than others.
Discussion
Obesity is associated with a chronic low-grade inflammatory state. Monocyte migration and subsequent transformation into macrophages within diseased tissues are key factors in self-perpetuating inflammation associated with metabolic disorders. Increased macrophage populations during obesity result from an influx of circulating monocytes. Ghanim et al (16) were the first to show that PBMCs in obesity are in a proinflammatory state with increased intranuclear nuclear factor-κB binding and decreased IκB-β. An increasing amount of evidence highlights that miRNAs can be important in the immune/inflammatory system (17, 18) . The present study identified 155 miRNAs that were especially expressed in PBMCs of children aged 36 months old to 48 months old. The present study is the first to link the altered expression of miRNAs to PBMCs from obese preschool children. The role of miRNAs in adipogenesis, adipocyte differentiation, fat metabolism and insulin secretion and action during obesity has been increasingly recognized (19) . Peng et al (20) reviewed adipogenic miRNAs (e.g., miR-143, -103, -200, -30, -204/211, -375 and -519d) and antiadipogenic miRNAs (e.g., miR-145, -155 and -448). The majority of studies focused on adipose tissue, adipocyte, plasma and serum, but only a few focused on PBMCs, in terms of the effect of miRNA on human obesity. Among the miRNAs expressed in PBMCs, miR-33a, -33b, -935 and -4772 were upregulated (4,5), whereas miR-223, -224, -376b, -181a and -146b-5p were downregulated in obese people as compared with normal controls (3, 5, 7) . Two studies investigated the relationship between miRNAs and obese children. Carolan et al (4) determined a 4-fold increase in miR-33a expression (P=0.001) and a 3-fold increase in miR-33b expression (P=0.017) in the PBMCs of obese children. Prats-Puig et al (6) indicated that 15 specific circulating miRNAs were significantly dysregulated in prepubertal obesity, including decreased miR-221 and miR-28-3p concentrations and increased plasma concentrations of miR-486-5p, -486-3p, -142-3p, -130b and -423-5p (all P<0.0001). However, specifically expressed miRNAs associated with early childhood obesity have not been reported. The current study identified nine differentially expressed miRNAs (P<0.05), where miR-199a, -199b-3p and -4454 were altered by at least 1.5-fold in preschool children compared with normal controls. Therefore, the authors selected these three miRNAs for further bioinformatics analysis.
Hsa-miR-199a-3p/-199b-3p was initially cloned by Landgraf et al (21) . Subsequently, miR-199a-3p was deeply sequenced from human mesenchymal stem cells by Koh et al (22) . Several studies recently reported the role of miR-199a-3p in obesity. Nesca et al (23) revealed that a specific rise in the levels of several miRNAs, including miR-199a-3p, primarily occur in obesity-associated diabetic mice and result in increased beta cell apoptosis. Shi et al (24) identified that miR-199a-3p levels were increased in differentiating human adipose-derived mesenchymal stem cells. The present study also determined that miR-199a-3p was upregulated in obese children compared with lean controls. However, Ortega et al (25) demonstrated that surgery-induced weight Figure 1 . Analysis of differentially-expressed miRNAs. A total of 76 miRNAs with an expression level greater than 100 code counts are presented. 1-6, lean samples; 7-12, obese samples; miRNA, microRNA. loss leads to significant upregulation of miR-199a-3p in the plasma, which conflicts with the authors' finding and that of two other studies (23, 24) . Hsa-mir-4454 was initially identified by deep sequencing in human B cells (26) . However, no study has explored the relationship between obesity and miR-4454, as well as miR-199b-3p. Thus, the biological effects of miR-199b-3p and miR-4454 on obesity must be further clarified. In addition, the reported functions of the three miRNAs include involvement in other diseases or physiological process, such as type 2 diabetes (miR-199a-3p) (27) , lipid regulation (miR-199a-3p) (28), chondrogenesis (miR-199b-3p) (29) , hepatocellular cancer (miR-199a/-199b-3p) (30) (31) (32) and colon cancer (miR-4454) (33) .
Intricate molecular networks mediated by miRNAs can form a robust mechanism to generate rapid and potent responses to cellular events during obesity occurrence and development. Weisberg et al (34) reported that obesity pathogenesis involves many regulatory pathways, including transcriptional regulatory networks. The result of the PPI network construction shows that many proteins are linked; 14 genes are hub genes in the network (Fig. 2) . Hub genes have high probabilities of engaging in essential biological functions (35, 36) . In the present study, hub genes such as CDC42 (37), MAPK1 (38) and MAPK8 (39) have been reported for their roles in adipogenesis and obesity. In addition, the target genes of the three miRNAs were demonstrated to serve a role in some processes, including cell cycle, regulation of organelle organization, positive regulation of macromolecule metabolic process, mitotic cell cycle and positive regulation of nitrogen compound metabolic process. The three miRNAs were associated with the target genes involved in transcription factor binding and protein serine/threonine kinase activity. Of the three miRNAs, miR-199a-3p was involved in more biological functions than the others; thereby indicating that miR-199a-3p possibly plays a more important role in early childhood obesity. Thus, miRNAs can participate in obesity pathogenesis by fine-tuning target gene expression. However, several limitations of the present study should be considered. First, the sample size should be increased because only 12 samples (6 obese vs. 6 lean) were included in the present study. Secondly, although a NanoString nCounter system is more sensitive than microarray and has similar sensitivity to qPCR (9) , the differentially expressed miRNAs should be further cross-validated using qPCR.
The current study characterized a specific miRNA expression profile in PBMCs of obese children aged 36 to 48 months. However, although the functions of some miRNAs are not yet fully understood, miRNAs have emerged as key regulators of gene expression. Results suggested that miRNAs are specifically involved in early childhood obesity. In addition, the authors provided a target gene map of miRNAs that can contribute to future investigations on the regulatory mechanisms of miRNA in childhood obesity. Nevertheless, further investigations are necessary to validate the differential expression of miRNAs in a large sample size and to understand the potential role of individual miRNA in early childhood obesity.
